The structural design of LCGS
The stability of the sulfide closely follows hard and soft acid and base (HSAB) theory, where a hard acid reacts preferentially with a hard base and a soft acid is prone to reacting with a soft base. [1] For instance, P2S5 will hydrolyze into H3PO4 and H2S by atmospheric moisture, because oxygen belongs to a hard base that reacts preferentially with phosphorus (hard acid) to replace sulfur (the soft base). According to the HSAB theory, most thiophosphate superionic conductors would decompose in moist air due to the high affinity of hard acid (e.g., phosphor) towards oxygen.
[2] Unlike the well-known Li-Ge-P-S system, we chose a soft acid, Cu(I), in our design to replace the hard acid P(V) to lower the affinity for oxygen. Cu2S is an extremely stable material not only in moist air, but it also survives in strong acid and a basic environment. Given that LCGS was synthesized with a considerable amount of water, it is predictable that LCGS has better stability in moisture than other thio-LISICON containing elements such as P, Si, and Al. The strong covalent framework not only preserves the stability of the compound, but the rigidity of the framework limited the coordination of Li + geometrically. Thus, the bonding of counter ion Li + is relatively weak compared to standard tetragonal/octahedral coordination, making the mobility of Li + easier. The associated large thermal ellipsoid from the single-crystal diffraction also suggests high Li + mobility, meanwhile, the suitable ratio of vacancy (33.3%) enhances the lithium ionic hopping probability. [3] Therefore, such a structure designed by HSAB theory makes a promising candidate for stable solid electrolytes with potentially high performance.
Experimental details

Synthesis of Li4Cu8Ge3S12
The reported hydrothermal synthesis method [4] of A4Cu8M3S12 (A = Na, K, Rb, M = Ge, Sn) in alkali hydroxide aqueous solution does not apply to its Li counterpart due to the low solubility and low basicity of LiOH compared to other alkali hydroxides.
To solve this problem, we chose the 'urothermal' synthetic method. [5] LiOH· H2O can form a homogeneous eutectic component with thiourea at 200 º C, in which up to a 50% weight ratio of LiOH· H2O can be reached. This homogenous melting substance is a suitable reaction medium to grow a chalcogenide crystal with Li counterion. The crystal water in LiOH· H2O is critical for the synthesis which templates the formation of LCGS, similar to the template agents in zeolite synthesis. [6] All the starting materials were obtained from Sinopharm Chemical Reagent Beijing
Co., Ltd. with an analytical grade of purity. Cu powder (318 mg, 5 mmol), Ge powder (181 mg, 2.5 mmol), LiOH· H2O (4 g, 95 mmol) and thiourea powder (4 g, 52 mmol)
were uniformly ground together, and placed into a Teflon-lined stainless-steel autoclave. The autoclave was tightly sealed and then heated at 200º C for 24 hours.
Then the autoclave was then allowed to cool to ambient temperature. The product was first quickly washed with 80 ml deionized water to wash out most of LiOH and thiourea, and then washed with anhydrous ethanol three times until light yellow crystals were separated. The product was dried in a vacuum at 60 º C. The molar ratio of Cu/Ge/S was obtained from EDX. The ratio of lithium ion in the crystals was determined by inductively coupled plasma atomic emission spectrum (ICP-AES).
X-ray diffraction
Single crystals of the title compounds suitable for X-ray diffraction were selected.
Data collection was performed on an Agilent SuperNova Diffractometer (Mo-Kα radiation with a mirror monochromator) at 263 K. Absorption and Lorentz-poloarization corrections were applied using the multi-scan technique. The structure of Li4Cu8Ge3S12 was solved by direct methods and refined by full-matrix least-squares techniques on F2 by using the SHELXTL-97 program package (Sheldrick, G. M., University of Göttingen). The crystal data and refinement details are summarized in Table 1 , and the selected interatomic distances and bond angles are presented in Table S1 .
The powder X-ray diffraction pattern was collected on a Bruker D2 Phaser X-ray diffractometer (CuKα, λ = 1.5406 Å). Simulated patterns were generated using the CrystalMaker program and the CIF of the refined structures.
Electronic properties
The ionic conductivity of the LCGS was measured by AC impedance in an Argon flow in a sealed quartz vessel, utilizing a cold-pressed Li4Cu8Ge3S12 pellet sandwiched between two identical ion-blocking electrodes of porous carbon. The measurement frequency ranged from 0.1 to 1000000 Hz using an electrochemical workstation. The as-prepared crystals were finely ground and cold pressed into pellets.
Porous carbon was used as contact electrodes.
Electrochemical characterization
The cyclic voltammetry ( 
Chemical stability
In this procedure, approximately 0.2 g of pristine LCGS was placed into a 50 mL beaker, and then exposed to air in a desiccator with approximately 15% humidity for 24 hours. 0.2 g of the pristine sample was also immersed in 2M of LiOH aqueous solution. The entire exposed sample was then washed thoroughly with absolute ethanol and dried in vacuum at 60º C.
Thermal gravimetry
The thermal gravimetric measurements were performed on a Q600SDT thermal gravimetric analyzer. The operating temperature ranged from 20 to 200 °C with a heating rate of 10 K/min. Argon was used as the protective gas with a flow rate of 100 mL/min.
Inductively coupled plasma-atomic emission spectrometry (ICP-AES).
A certain amount of the as-synthesized sample crystals was dissolved in hot nitrohydrochloric acid. The Inductively coupled plasma-atomic emission spectrometry was used to measure the concentration of metal ions.
Detailed structural description of the Cu8Ge3S12 anionic framework
In the anionic framework, Cu + ions reside on 3-fold rotational axes and are trigonally 
